ABSTRACT. Many animals including cattle can synthesize vitamin C from glucose. The objective of this study was to investigate plasma vitamin C concentration in ketotic cows during the early lactation period because glucose supply for vitamin C synthesis might be limited in these cows. We measured plasma β -hydroxybutyrate (BHBA) concentration in 118 cows within 2 months after parturition. Subclinical/clinical ketosis was quantitatively determined using a plasma BHBA threshold of 1,200 µM. Plasma glucose concentration was lower in the ketotic cows than in the control cows but plasma vitamin C concentration did not differ between the control and the ketotic cows. Then we measured plasma vitamin C, BHBA and glucose levels in 7 cows during the periparturient period. Plasma BHBA increased and plasma glucose decreased after parturition but plasma vitamin C did not change. These results indicate that plasma vitamin C is not related to the incidence of ketosis in the early lactation period. We suggest that ketotic cows have the ability to produce vitamin C to meet its requirement in the early lactation period although glucose supply is not sufficient for milk production. Vitamin C synthesis is possibly given a high metabolic-priority for glucose in lactating cows.
Domestic animals have not been considered to require dietary vitamin C because they can synthesize a sufficient amount of ascorbic acid (AsA) in the liver [11] . However, a clinical case of scurvy that is a typical sign of vitamin C deficiency was reported in cows [7] . The supplementation with vitamin C improved antibody response to an antigen in the calves that had low plasma C concentration [5] . Plasma vitamin C concentration decreased in the calves stressed by housing condition [6] . A recent study indicated that plasma vitamin C level was decreased after the induction of mastitis in lactating cows [19] . Furthermore, vitamin C administration stimulated recovery from acute mammary inflammation in dairy cattle [4] . These reports suggested that stressed cattle possibly suffered from vitamin C deficiency.
The supply of vitamin C for ruminants mostly depends on AsA synthesis from glucose since dietary vitamin C is easily degraded in the rumen [12] . Thus ruminants may be more prone to vitamin C deficiency than other domestic animals when AsA synthesis is impaired [11] . The rapid increase in milk production coupled with a limited appetite results in a negative energy balance in the early lactation period and cows are unable to synthesize sufficient glucose. Thus, lactating cows were considered to have a decreased synthesis of AsA resulting from the shortage of glucose, especially in the early lactation period [10] . On the other hand, Santos et al. [14] reported that plasma vitamin C concentration was not affected by the stage of lactation and they suggested that endogenous AsA production met vitamin C requirement for lactating cows.
Ketosis is a disease related to the high rate of glucose utilization in the mammary gland and the inability of the cows to meet the glucose demand through its supply [2] . Thus ketosis is frequently observed in dairy cows during the early lactation period. The stage of lactation did not affect plasma β-hydroxybutyrate (BHBA) concentration and the level of BHBA did not differ between dry cows and lactating cows in the report of Santos et al. [14] . Therefore, their cows were not considered to have a marked imbalance between glucose supply and glucose requirement in the early lactation period, which might result in stable AsA level in plasma. Plasma vitamin C concentration may be related to the incidence of ketosis in dairy cows during early lactation period because glucose shortage induces ketosis and possibly lowers plasma vitamin C through decreasing its synthesis. We investigated the relationship between plasma vitamin C and BHBA in cows during early lactation period.
MATERIALS AND METHODS

Animals and sample collection:
We used 118 lactating Holstein cows raised in dairy farms in experiment 1. These animals consisted of cows diagnosed as ketotic and control cows in the same herds. Blood sample was collected from the jugular vein into heparinized tube within 2 months after parturition. In experiment 2, we used multiparous Holstein cows that were raised in a dairy farm. Seven cows were given the diet that mainly consisted of alfalfa hay, timothy hay, sudangrass hay, a commercial concentrate ration containing trace minerals and vitamins (Rokko premium, Nishinihon Kumiai Shiryou, Kobe, Japan), and calcium phosphate (Calace 5P, Mercian, Tokyo, Japan). Composition of diet was shown in Table 1 . Blood samples were col-lected from the jugular vein into heparinized tubes between 1 week before, and 1, 2, 3, 4, 6 and 8 weeks after parturition. Milk yield and feed intake were not recorded.
Sample preparation and chemical analyses: The majority of vitamin C exists as AsA in the body of animals and AsA is reversibly oxidized to dehydroascorbic acid [11] . Therefore the sum of ASA and dehydroascorbic acid shows vitamin C status in the body. We prepared plasma samples and determined vitamin C (AsA + dehydroascorbic acid) by the method of Haiying et al. [9] . Briefly, blood samples were stored on ice and centrifuged at 4°C at 3,000 rpm. Heparinized plasma sample was treated with a reducing reagent, dithioerythritol at 50 mM and kept at -20°C until vitamin C analysis. Plasma vitamin C level was analyzed by the following method within 3 days after sample collection. The samples were diluted threefold with ice-cold 6.5 mM dithioerythritol in methanol, mixed and centrifuged at 10,000 rpm for 5 min at 4°C. Each supernatant was passed through a 0.45 µm filter. A HPLC system consisted of a spectrophotometric detector and a reverse phase HPLC column (ODS-120T, 4.6 × 150 mm, Tosoh, Tokyo, Japan). The mobile phase was 1 mM ammonium formate, 7 mM dodecyltrimethylammonium bromide and 40% methanol (taken to pH 5.2 with formic acid). Elution was isocratic at a flow rate of 0.9 ml/min and the eluent was monitored at 265 nm to measure AsA. We previously confirmed that the treatment with dithioerythritol completely converted dehydroascorbic acid to AsA and stabilized AsA in plasma samples for 1 week at -20°C [9] .
Glucose and BHBA concentrations in plasma without dithioerythritol treatment were determined with an autoanalyzer (TBA-40FR, Toshiba, Tokyo, Japan) using commercial kits (Glucose, Glu Auto TBA, Denka Seiken, Tokyo, Japan; BHBA, Keton Test B, Sanwa Chemical, Nagoya, Japan).
Statistical analyses: Dairy cows were categorized into control and subclinically/clinically ketotic groups using a plasma BHBA threshold of 1,200 µM [8] in experiment 1.
The difference of plasma vitamin C, BHBA and glucose levels between groups was analyzed by an ANOVA using GLM procedure of SAS [16] . The changes in plasma BHBA, glucose and vitamin C concentration during periparturient period were analyzed by MIXED procedure of SAS [17] for a repeated measures design in experiment 2. The model included the repeated fixed effect of sampling time.
When the effect was significant (P<0.05), the PDIFF option (a pairwise t-test) was used to identify means that differed at P<0.05. Data were expressed as means ± SE.
RESULTS
We used 118 lactating dairy cows within 2 months after parturition in experiment 1. Twenty-seven cows were categorized as subclinically/clinically ketotic cows (Table 2) . Plasma glucose level was significantly lower (P<0.05) in the ketotic group than in the control group. However, plasma vitamin C concentration did not differ between the ketotic cows and the control cows.
Then we determined plasma vitamin C, BHBA and glucose concentration in dairy cows during periparturient period in experiment 2. Plasma BHBA was significantly increased (P<0.05) 1 week after parturition, the high level of BHBA continued to 4 weeks after parturition and then plasma BHBA recovered to the preparturient level (Fig. 1a) . Plasma glucose significantly (P<0.05) decreased after parturition and then gradually increased but glucose level at the end of experiment was still lower (P<0.05) than the preparturient level (Fig. 1b) . On the other hand, plasma vitamin C did not significantly change during the experiment (Fig. 1c) . Three cows showed subclinical/clinical ketosis after parturition but plasma vitamin C did not decrease in these cows even when they had high BHBA concentrations.
DISCUSSION
Plasma glucose concentration was lower in the ketotic cows than in the control cows (experiment 1). These results suggested the insufficient glucose supply in the ketotic cows. Plasma vitamin C concentration did not differ between the ketotic and the control cows, which suggested that plasma vitamin C level was not low in the ketotic cows during the early lactation period. Weiss [18] reported almost similar plasma vitamin C levels in the lactating cows as the present experiment. Plasma vitamin C levels in calves showed great individual differences with variations related to genetic background [13] . We also reported a large individual difference of plasma vitamin C levels in beef cattle [9] . The large individual difference of plasma vitamin C might mask the relationship between plasma vitamin C and BHBA. Plasma BHBA increased and plasma glucose decreased after parturition, which suggested that cows were unable to synthesize sufficient glucose (experiment 2). On the other hand, plasma vitamin C concentration did not change during the periparturient period. Santos et al. [14] reported that plasma vitamin C concentration was not affected by stage of lactation, which was partly supported by the present experiment. However, the stage of lactation did not affect plasma BHBA concentration in their experiment. Therefore, their cows were not considered to have a marked imbalance between glucose supply and glucose demand because the shortage of glucose increased plasma BHBA concentration [2] . On the other hand, the present experiment showed that plasma vitamin C concentration was not low in the ketotic cows, which suggested that the ketotic cows had the ability to produce AsA to meet its requirement in the early lactation period though glucose supply was not sufficient for milk production.
There has been very few information on the control of AsA synthesis. Braun et al. [3] reported that the synthesis of AsA was increased in mice hepatocytes when glycogen breakdown was stimulated by glucagon but that glycogendepleted cells given glucose did not respond to glucagon. The biosynthetic pathway for AsA starts UDP-glucose production from glucose-1-phosphate in the liver. Therefore, they suggest that the supply of glucose-1-phosphate from glycogen breakdown must provide UDP-glucose for AsA synthesis. Plasma glucagon concentration increased and hepatic glycogen breakdown was stimulated after parturition in the ketotic cows [15] . Therefore, the substrate, i.e., glucose-1-phosphate, can be sufficiently supplied for AsA synthesis in the liver of ketotic cows after parturition. We consider that AsA synthesis is given a high metabolic-priority for glucose in these cows.
